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Recombinant vector containing infectious viral genome sequences having a 

size larger than 100 kb, method for producing same, and use for the 
_ mutajgenesis of the viral sequences — --^ 



The present invention relates to recombinant vectors containing infectious viral 
genome sequences as well as sequences of a cloning vehicle, and to a method for 
producing said vectors. Furthermore, the present invention relates to the use of such 
recombinant vectors, especially for the mutagenesis of the infectious viral genome 
sequences contained therein, and to a method for the mutagenesis of said 
sequences. 

Various viruses with a large DNA are important pathogens, either for human beings 
or for animals or plants, partly causing severe or even fatal diseases. Reference is 
made by way of example to the cytomegalovirus (CMV) which Is counted among the 
most important human pathogenic viruses. CMV has a high prevalence In the human 
population and can cause severe diseases, especially in immunologically immature 
patients or in immunocompromised patients (1). Since human cytomegalovirus 
(CMV) and mouse cytomegaloviurs (MCMV) show several similarities in their biology 
and pathogenesis (2), infection of mice with MCMV has become an intensively 
examined In vivo model to study the pathogenesis of CMV Infection. The 
approximately 235 kb large genomes of both human and mouse CMV are the largest 
genomes of mammalian DNA viruses. Sequence analysis of the human and mouse 
CMV genomes reveal a similar genetic organization and a coding capacity for 
presumably more than 220 polypeptides (3, 4, 5). 

The size of the genome of such viruses makes it difficult to clone and analyze the 
whole genome or the parts of the genome required for replication and packaging, 
and to make targeted changes. This is inter alia due to the fact that the methods 
which have been used up to now rely on the use of multiple recombination steps in 




eukaryotic cells which are firstly^rare, secondly prone to errors and thirdly cannot be 
controlled in practice. This requires troublesome selection methods for isolating and 
characterizing the desired mutants. 

Information on the function of a majority of CMV gene products is still rather limited 
because of the size of the viral DNA and the associated difficult manipulatability of 
the viral genome, and until now it has been very difficult to obtain CMV clones and 
CMV mutants because of their large DNA and their slow replication kinetics. This is 
e.g. in contrast to the situation regarding the herpes simplex virus (a-herpesviruses) 
(6) which has been studied in detail and for which the function of many viral genes 
could be elucidated. 

A method for insertional mutagenesis in eukaryotic cells has been developed for the 
disruption and deletion of CMV genes (7, 8). However, since the frequency of 
homologous recombinations in eukarytoic cells is low, the method is quite 
ineffective. In addition adventitious deletions and the production of undesired 
recombinant viruses have frequently been observed (7, 9). Although selection 
procedures have improved the original method (9, 10, 11), generation of CMV 
mutants remains a laborious and often unsuccessful task. Recently, a method for 
constructing recombinant herpesviruses from cloned overlapping fragments (12) has 
been applied to CMV (13). This is a major improvement in comparison with the 
above-described methods in that said method generates only recombinant viruses 
and obviates selection against non-recombinant wild-type viruses. Stilly the resultant 
mutants are the product of several recombination events in eukaryotic cells that are 
difficult to control. Correct reconstitution of the viral genome can only be verified 
after growth and isolation of the viral mutant. 

It is the object of the present invention to provide recombinant vectors which make it 
possible to introduce the complete genome, or at least those parts of the genome of 
a virus that are required for replication and packaging, with the genome of the virus 



being larger than 100 kb, preferably larger than 200 kb, into an organism or cell and 
to maintain and multiply the same there, and to perform targeted changes in the viral 
sequences. - ^ _ 

Said object is achieved by a recombinant vector which contains infectious viral 
genome sequences having a size larger than 100 kb, preferably larger than 200 kb, 
as well as sequences of a cloning vehicle. The expression "infectious viral genome 
sequences" within the meaning of the invention covers both the complete genome 
and those parts of the genome of a virus that are indispensable for replication and 
packaging in a host organism or host cell. 

The infectious viral genome sequences of the recombinant vector according to the 
invention can derive from a DNA virus; preferably, they derive from a herpesvirus, 
and particular mention should here be made of the human cytomegalovirus (an 
important pathogen for humans) and the mouse cytomegalovirus. Furthermore, 
genome sequences from other DNA viruses and all herpesvirus genomes are suited, 
for instance herpes simplex virus type 1 (size of the genome: 152 kb) and 2 (155 kb), 
Epstein-Barr virus (172 kb), varicella-zoster virus (125 kb), human herpesviruses 6, 
7 or 8 (HHV6, 159 kb; HHV7, 145 kb; HHV8, about 160 kb). animal herpesvinjses. 
e.g. pseudorabies virus (about 130 kb), bovine herpesviruses 1 (135 kb), 2 (140 kb), 
3 or 4 (156 kg), and the murine gammaherpesvirus 68 (MHV 68, about 140 kb). 

The sequences of a cloning vehicle which are contained in the recombinant vector 
according to the invention are capable to replicate in suited host cells or organisms 
and serve as carriers for the viral sequences which are passively co-replicated and 
can be isolated and purified together with the sequences of the cloning vehicle. It 
has been found that a low copy number of the recombinant vector of the invention in 
the host cell is of advantage to the stability of the viral genome sequences contained 
therein. Therefore, sequences of a cloning vehicle that derive from low-copy vectors 
are preferred. In a preferred embodiment of the invention these sequences derive 
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from the known mini-F plasmids of E. coli. 



/ 



In a particularly preferred embodiment of the recombinant vector of the invention, the 
vector is formed as an artificial circular chromosome, preferably as a bacterial 
artificial chromosome (BAG), or also as a yeast artificial chromose (YAC). 

Since according to the invention the recombinant vector of the invention contains 
infectious genome sequences, It can be replicated and packaged like a viral genome 
after introduction into a suitable permissive cell. However, it has been found that the 
packaging of the virus particles is impaired by the overlength of the vector (as 
compared to the original length of the viral genome sequences) which is due to the 
presence of sequences of a cloning vehicle. Therefore, it is advantageous to remove 
the sequences of the cloning vehicle from the recombinant vector prior to replication 
and packaging of the viral genome sequences. To this end, in one embodiment of 
the invention, the sequences of the cloning vehicle are flanked by identical 
sequence sections which make it possible to excise the sequences by homologous 
recombination. 

In a further, particularly preferred embodiment of the vector according to the 
invention, the sequences of the cloning vehicle are flanked by recognition 
sequences for sequence-specific recombinases and/or restriction sites which do not 
occur in the rest of the vector. To obtain infectious viral genome sequences that are 
firee from sequences of the cloning vehicle, these are excised by a recombinase, e.g. 
by the recombinase FLP, and/or by a restriction enzyme. Particularly preferred are 
recombinant vectors in which the recognition sequences for sequence-specific 
recombinases are loxP sites which are recognized and cut by the recombinase Cre. 
Optionally, the viral genome sequences to be cloned can first be introduced into a 
suitable cell if the cell containing the same is not suited for cloning. 



Preferably, the vector according to the invention contains selection and/or marker 
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genes, for instance gpt, the hygromycin resistance gene, the neomycin resistance 
gene, the green-fluorescent protein or the iacZ gene, to facilitate the selection 
(enrichment) and identification (e.g. by staining techniques) of cells containing 
recombinant vectors. 

The present invention also relates to cells which contain a recombinant vector of the 
above-described type. 

Furthermore, it is the object of the present invention to provide a method for 
producing a recombinant vector of the invention which allows the cloning of large, if 
possible complete, but at any rate infectious (i.e. replication-capable), viral genome 
sequences in eukaryotic cells with the number of recombination steps being as low 
as possible, and which does not call for a repeated isolation and selection of the 
recombinants. 

According to the present invention this object is achieved by a method comprising 
the following steps: 

a) introducing a sequence (1 ) containing sequences of a cloning vehicle, into a 
cell containing infectious viral genome sequences, and 

b) recombining sequence (1 ) of step a) with the viral genome sequences, 
preferably via homologous recombination, to obtain a recombinant vector. 

The method is particularly suited for cloning those genome sequences that are 
larger than 100 kb (preferably larger than 200 kb), but it can also be used for cloning 
smaller DNA fragments. Examples of vira] genome sequences that can be 
recombined according to the method of the invention with sequence (1) include the 
genomes of the herpes simplex virus type 1 (size of the genome: 1 52 kb) and type 2 
(155 kb), the Epstein-Barr virus (172 kb), the varicella-zoster virus (125 kb), the 
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human herpesviruses 6, 7 or 8 (HHV6, 159 kb; HHV7, 145 kb; HHVS, about 160 kb), 
animal herpesviruses, such as pseudorabies virus (about 130 kb), bovine 
herpesviruses 1 (135 kb). 2 (140 kb). 3 or4 (156 kb), and the muring 
gartimaherpesvirus 68 (MHV 68, about 140 kb). The homologous recombination 
between the viral sequences and sequence (1) can e.g. be achieved when sequence 
(1 ) contains sections that are homologous to the viral genome sequences to be 
cloned. 

Preferably, eukaryotic cells, such as mammalian cells, insect cells or yeast cells, are 
used as host cells for step a); human primary fibroblasts (e.g. human foreskin 
fibroblasts (HFF)). NIH3T3 fibroblasts (ATCC bRL1658). or mouse fibroblasts can 
here in particular be used. For the introduction of sequence (1 ), hosts cells are 
selected that are permissive for the respective virus, i.e. cells which are able to 
support the growth of said virus. The introduction of sequence (1) into eukaryotic 
cells is carried out by a calcium phosphate precipitation method, an electroporation 
method or a lipcfection method or by means of other methods of the latest prior art. 
Sequence (1 ) can also be introduced into the cell by a viral vector. 

In a particularly preferred embodiment of the production method according to the 
invention, a bacterial organism, preferably E. co/i, is used as the cell in step a). 
Sequence (1 ) can e.g. be introduced by electroporation or by any other method 
known in the prior art. 

Furthermore, the invention relates to the use of a recombinant vector of the above- 
described type for the mutagenesis of the infectious viral genome sequences 
contained therein. 

It is a further object of the present invention to provide a method by which 
modifications can be made in the viral genome sequences contained in the vector of 
the invention. 
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This object is achieved by a mutagenesis method comprising the following steps: 

A) introducing the recombinant vector into a bacterial host cell or into yeast; and 

B) mutagenizing the viral genome sequences. 

Mutagenesis can be carried out either in a targeted manner by homologous 
recombination with DNA molecules carrying the mutation that are contained in the 
bacterial host cell or yeast (e.g. as shuttle plasmid), or at random, e.g. by transposon 
mutagenesis. "Mutagenesis" in the sense of the present invention means the 
introduction of any possible modification in the genetic material, e.g. deletions, 
Insertions, substitutions or point mutations. 

The mutagenesis method according to the invention is advantageous in that the 
modifications in the bacterial host cell or in yeast take place without any selection 
pressure. Thus, mutations can also be introduced into the genome that may entail a 
growth disadvantage (or even a letal phenotype) for the mutant. With the former 
mutagenesis methods for herpesviruses, this is either not at all possible or only 
possible under considerable efforts. During mutagenesis attention need first not be 
paid to the later characteristics of the viral mutant because the production of the 
mutant genome and the production and characterization of the viral mutant are 
separate processes. 

A transposon mutagenesis of cloned herpesvirus genomes is useful for a simple and 
efficient production of a great number of mutants that may inter alia serve screening 
methods. An extensive library with mutations in all genes and In all regulatory 
sequences can be generated by a saturating mutagenesis. 

In an advantageous embodiment of the mutagenesis method of the invention, the 




recombinant vector is obtainable according to one of the above-described production 
methods. 

Furthermore, the invention relates to a recombinant vector which contains infectious 
viral genome sequences modified by a mutagenesis method as described above, 
which have a size larger than 100 kb, preferably larger than 200 kb, as well as 
sequences of a cloning vector. 

The introduction of the mutagenized vector into permissive cells exclusively results 
in the formation of uniform viral mutants because the introduced vectors are clonal, 
i.e., they can be traced back to a bacterial cell (clone) or to a vector molecule. 
Subsequent selection or enrichment methods for mutants which are troublesome and 
time-consuming as a rule - typically part of former mutagenesis methods for large 
virals genomes - are therefore not necessary. 

Both mutagenized and nbn-mutagenized recombinant vectors according to the 
invention are suited as drugs, preferably for performing somatic gene therapy, or as 
a vaccine. 

The following uses are possible for the vectors and methods according to the 
invention: 

Characterization of viral genes or functions and viral proteins, for instance 
with the aim to identify essential viral structures, in order to develop inhibitors 
(drugs) against viruses. 

Production of a CMV vaccine or CMV-based vaccines against other 
pathogens (attenuation of the virus by deletion of genes, or insertion of genes 
coding for antigens). 
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Production of vectors for gene therapy (deletion of viral genes, 
replacement by therapeutically useful transgenes). 

The attached drawings shall now be described: 

Figure 1 shows a strategy for the cloning and mutagenesis of a large viral genome 
using the production and mutagenesis methods according to the invention. 

(A) A large viral genome and a recombination plasmid with bacterial vector 
sequences were introduced into eukaryotic cells to generate a recombinant DNA 
(BAC). This can be performed by various methods, e.g. infection, transfection, 
electroporation, etc. Circular DNA was isolated from the infected cells and 
transferred into E. coli. (B) Mutagenesis of the BAC was performed in E. coli by 
homologous recombination with a mutant allele, and the mutated BAC was 
transfected into eukaryotic cells to reconstitute recombinant viral genomes or viruses 
(C). 

Figure 2 shows the construction and structure of the MCMV bacterial artificial 
chromosomes (BACs) pSM3 (a) and pSM4 (b) and the genome structure of the 
derived recombinant viruses MC96.73 and MC96.74. The EcoRI restriction map of 
the right-terminal end of the genome of the MCMV strain Smith is shown above. The 
recombinant plasmids pRP2 and pRP3 contain 2.2 and 6.6 kb of flanking MCMV 
homologous sequences (white boxes), the BAC vector (grey) and the gpt gene 
(hatched), flanked by loxP sites (black). The EcoRI restriction map of the BACs 
pSM3 and pSM4 is shown thereunder The terminal EcoRI fragments of the MCMV 
genome are fused into the BAC plasmids pSM3 and pSM4, resulting in new 
fragments of 22.9 and 24.3 kb, respectively. The linear genomes of the recombinant 
viruses MC96.73 and MC96.74 contain terminal EcoRI fragments of a length of 12.3 
and 13.7 kb, respectively. Additional restriction sites are indicated by BamHI (B), 
Hindlll (H) and Sfil (S). 
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Figure 3 shows the structural analysis of the bacterial artificial chromosomes (BACs) 
pSM3 and pSM4 (a) and the reconstituted viral genomes (b, c). (a) Ethidium 
bromide-stained agarose gel of EcoRI-digested BACs isolated from E. coli cultures 
(lanes pSM3 and pSM4) and of wild-type MCMV DNA isolated from purified virions 
(lane wt). (b) Restriction enzyme analysis of the viral MC96.73 and MC96.74 
genomes. The BACs pSM3 and pSM4 were transfected into mouse embryonic 
fibroblasts and the supernatant of the transfected cells was used for infecting new 
cells. The DNA isolated from the Infected ceils and wild-type MCMV DNA were 
digested with EcoRI and separated by electrophoresis on 0.6% agarose gels for 14 
hours. The EcoRI 0(0) and the vector fragments (v) are indicated and the size of the 
additional bands is shown at the left side, (c) Separation of the EcoRI fragments 
shown in (b) after electrophoresis for 28 hours. 

Figure 4 shows the construction of the MCMV IE1 mutant MM96.01 (a), the structural 
analysis of the mutated bacterial artificial chromosome (BAC) (b) and the genome of 
the IE1 mutant MM96.01 (c). The Hindlll site between the Hindlll K and L fragments 
of the genome of the MCMV strain Smith (top) was removed by mutagenesis using 
the EcoRl/Hpal fragment (hatched region). The exon-intron structure of the IE1 and 
IE3 genes is indicated, and the protein-coding sequences are depicted as hatched 
boxes. The mutation results In a frame shift after 273 codons and in the formation of 
a new stop codon after another 9 codons (black box). The open box denotes the part 
of the IE1 open reading frame which is not translated in the mutated virus, (b) 
Ethidium bromide-stained agarose gel of the Hindlll-digested parental BAC pSM3 
and of the mutated BAC pSMIEI. (c) Hindlll pattern of the genomes of recombinant 
vims MC96.73 and of the IE1 mutant MI\/196.01 . The Hindlll K and L fragments and 
the new 15.2-kb fragment are indicated at the left side and the size of some Hindlll 
fragments is shown at the right margin. 

Figure 5 shows the absence of pp89 in cells infected with the IE1 mutant MM96.01 . 




Mouse embryonic fibroblasts (MEF) were either not infected, infected with the 
recombinant virus MC96.73 or with the IE1 mutant MM96.01 in the presence of 
cycloheximide (50 \ig/m\) for 3 hours for achieving a selective expression of the 
immediate-early proteins (16). After removal of cycloheximide, actinomycin D 
(5 pg/ml) was added and the proteins were labeled with [^S]-methionine 
(1200 ci/mmol) for 3 additional hours. Lysis of cells and immunoprecipitations were 
performed as described (28) using antiseaim 3/1 directed to the C-terminus of the 
IE1 protein pp89 (a) and the IE1/IE2-speclfic antipeptide serum b5-1 (b) (16, 28). A 
long exposure of the auloradiograph (b) is shown in (c). 

Figure 6 shows a strategy for the reconstitution of the complete MCMV genome in 
E. coH and excision of the vector sequences after transfection of permissive cells 
with the MCMV BAG vector, as described in Example 3. 

Figure 7 shows the restriction enzyme analysis of the bacterial artificial 
chromosomes (BACs) pSM3 and pSM3FR. The BACs isolated from E. co// cultures 
were digested with EcoRI and the resulting DNA fragments were separated by 
electrophoresis on an agarose gel. The EcoRI O bands and the EcoRI Z bands are 
indicated and the size of the bands missing in pSM3FR is shown at the left side. 

Figure 8 shows the restriction enzyme analysis of the viral MW97.01 and wild-type 
MCMV genomes. The BAC vector pSM3FR was introduced into permissive 
embryonic fibroblasts (MEF). After several passages the viral DNA was isolated from 
the infected cells of the strain MW97.01 and digested with EcoRI. The resulting DNA 
fragments were separated by electrophoresis on agarose gels. The wild-type MCMV 
genome digested with EcoRI serves comparative purposes. 



Figure 9 shows the survival rates of newborn mice which were infected with 
MW97.01 and MCMV wt Smith, respectively. 
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Figure 10 shows the strategy for cloning the genome of the murine 
gammaherpesvirus 68 as infectious bacterial artificial chromosome (BAG) in E. coli, 
as described in Example 4. 

Figure 1 1 shows the restriction enzyme analysis of the MHV 68 BAG vector and of 
the reconstituted MHV 68 genome. The BAG vector and the viral genome isolated 
from infected cells were digested with EcoRI and separated on an agarose gel. The 
wild-type MHV 68 genome digested with EcoRI serves comparative purposes. 

Figure 12 shows a comparison of the growth kinetics of the MHV wild-type virus and 
the MHV 68 BAG virus. BHK-21 cells were infected at a moi of 0.01 and the rise of 
the virus titer was determined during the following 4 days. 

Figure 13 shows the cloning of the genome of the HGMV laboratory strain AD169 as 
infectious bacterial artificial chromosome (BAG). 

Figure 14 shows two different isomeric forms of the HGMV BAG genome, pHB5 and 
pHB8. 

Figure 15 shows the restriction enzyme analysis of the BAG vectors pHB5 and 
pHB8. Both vectors were digested with Hindllt and separated on an agarose gel. 

Figure 16 shows the restriction enzyme analysis of the wild-type HGMV and pHB5 
genome. The viral DNA was isolated from infected cells and digested with EcoRI. 
Subsequently, the resulting DNA fragments were separated on an agarose gel. The 
arrow shows the additional 2 kb EcoRI band in the genome of pHB5. 

Figure 17 shows the strategy described in Example 6 for the mutagenesis of the 
HGMV BAG vector pHB5. 
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Figure 18 shows the shuttle vector pST76K_SacB, a derivative of the pST76K 
vector. 

Figure 19 shows a strategy for the mutagenesis of the CMV BAG vector in E. coli 

Figure 20 shows the restriction enzyme analysis of the recombinant vectors pHB5, 
pHB 98/1 and pHB/FLP. The isolated DNAwas digested with EcoRi and separated 
on an agarose gel. 

Figure 21 shows the strategy described in Example 7 for the direct transposon 
mutagenesis of the infectious MCMV BAG vector, (a) shows the pST76A-TnMax8 
vector which is created by ligation of the pST76-A vector linearized with PstI, with 
the pTnMaxS. (b) schematically shows the induction of the transposition into the 
pST76A-TriMax8 vector. 

Figure 22 shows the restriction site of the transposon in the MGIVIV-Kn5 clone. 

Figure 23 shows in (a) a restriction enzyme analysis of the wild-type i\/IGMV and 
MCMV-Kn5 genomes. The DNA isolated from the infected cells was digested with 
Hindlll and separated in agarose gel. (b) shows the sequencing of the clone MCMV- 
KnS with primers which bind to the ends of the transposon. The sequence obtained 
is compared with the MCMV sequence. 

Figure 24 shows a restriction enzyme analysis of various Toledo BAG clones. The 
Toledo BAG vectors were digested with EcoRI and separated on an agarose gel. 
The Toledo wild-type genome digested with EcoRI serves comparative purposes. 

Figure 25 shows a restriction enzyme analysis of various Toledo BAG clones with 
two different restriction enzymes. The first five lanes at the left side show the Hindlll 
cleavage pattern of Toledo BAG vectors isolated from the various clones; the last 
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five tines (right) the Xbal cleavage pattern. 

The invention shall now be described in detail with reference to the examples and 
the figures. 

Example 1 : Cloning of MCMV genome sequences as infectious bacterial artificial 
chromosome (BAC) in E. coli 

Generation of Viruses and Cells 

The propagation of MCMV (strain Smith, ATCC VR-194, ATCC, Rockville, Md.) in 
BALB/c mouse embryonic fibroblasts (MEF) and NIH3T3 fibroblasts (ATCC 
CRL1658) has been described earlier (14, 15). Recombinant viruses were generated 
according to published protocols (8, 9, 15). To generate virus progeny from bacterial 
artificial chromosomes (BACs), BACs (about 0.5-1 pg) were transfected into MEF by 
employing the calcium phosphate precipitation technique as described iri (15, 16). 

Isolation of Viral DNA and BACs 

Plasmid cloning was carried out according to standard techniques (20). Restriction 
enzymes were purchased from New England Biolabs (Bevety. MA). Wild-type MCMV 
DNA was generated from virions, and total cell DNA was isolated from infected cells, 
as described earlier (14, 17). Circular viral DNA was isolated by the method of Hirt 
(18) and electroporated into electrocompetent £ coli DH10B strains (19). BACs were 
isolated from E. coli cultures using an alkaline lysis procedure (20) and purified by 
precipitation with polyethylene glycol (20). 

Plasmids and Mutagenesis 

For construction of recombination plasmids pRP2 and pRP3. a 17 kb Hindlll/BamHI 
subfragment of the MCMV Hindlll E' fragment (17) was subcloned into pACYei77 
(21). The EcoRI fragments O, b, f. and g within the Hindlll E' fragment (14, see 
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Fig. 2) were deleted and an EcoRI/NotI adapter was inserted to create the plasmid 
pHE*AE. The E. coti guanine phosphoribosyl transferase (gpt) gene controlled by the 
thymidine kinase promoter of the herpes-simplex virus and followed by the early 
polyadenylation site of the SV40 early gene was flanked at one side by a tandem 
loxP site and then cloned, including the tandem loxP site, as Nsij/BamHI fragment 
Into the plasmid pKSO, a derivative of the BAG vector pBAC1 08L (1 9) with a 
modified polyltnker (Pmel-Nsil-Pacl-BamHI-Pmel-AscI). To allow a mobilization of 
the MCMV SAC plasmid via the pBR322 mob element at a later time, a 540 bp Haelll 
fragment from pBR322 (nucleotides 1928-2488) was then inserted between the loxP 
sites of the resulting plasmid pKSO-gpt. Finally, the resulting plasmid IIBAC was 
linearized with NotI next to one of the two loxP sites and inserted into the unique 
NotI site of plasmid pHE'AE. pRP2 and pRP3 differ from each other in the 
orientation of the IIBAC sequence (Fig. 2). 

To construct the mutagenesis plasmid pMieFS, a 7.2 kb Hpal/EcoRI fragment 
(Fig. 4a) from plasmid plEIII (23) was inserted into plasmid pMB096 (24), and the 
Hindlll site in the insert was filled and destroyed by treatment with Klenow 
polymerase. Mutagenesis of the MCMV BAC was performed by homologous 
recombination in the E. co// strain CBTS (25) following published protocols (24, 25). 

Construction of Recombinant MCMV 

Recombinant viruses were generated either by cotransfection of viral DNA and 
linearized recombination plasmid, as described above (8, 1 5), or by electroporation 
of the recombination plasmid into NIH3T3 cells using the BioRad gene pulser (250 
V, 960 pF), followed by a superinfection with MCMV 8 hours later. Recombinant 
viruses were selected with.mycophenolic acid and xanthine in accordance with 
published protocols (9). 



Isolation of Viral DNA / 

Wild-type MCMV DNA was prepared from virions and purified by CsCI gradient 
centrifugation as described previously (14). For a characterization of the 
reconstituted genomes, the whole cell DNA was isolated from infected cells. The 
cells were harvested by trypsination, followed by centrifugation at 800 g for. 
5 minutes, and lysed in 50 mM Tris-HCI, pH 8, 20 mM EDTA, 0.5% SDS with . 
0.5 mg/ml proteinase K. After incubation at 56**C for 12 h the DNA was extracted 
twice with phenol/chloroform/isoamyl alcohol (50:48:2) and precipitated with ethanol. 
The DNA fragments were separated by electrophoresis on a 0.6% agarose gel, as 
described previously (14). 

Circular viral DNA was isolated by the method of Hirt (1 8). Infected cells from a 
60-mm tissue culture dish were lysed in 1 ml of buffer A (0.6% SDS, 10 mM EDTA 
pH 7.5), and 0.66 ml of 5 M NaCI were added, followed by incubation at 4^C for 24 h. 
The samples were centrifuged at 15,000 g and 4**C for 30 min, the supernatant was 
extracted with phenol, and DNA was precipitated with ethanol. The DNA was again 
dissolved in 30 pi TE (10 mM Tris-HCI pH 8, 1 mM EDTA) and dialyzed against TE. 
1 0 fjl of the DNA were introduced by electroporation into electrocompetent E. co// 
DH10B using a BioRad gene pulser (2.5 kV. 25 pF, 400 ohm). Transformants were 
selected on agar plates containing 12.5 pg/ml chloramphenicol. 

Isolation of BACs and Recbnstitution of Recombinant Viruses 
BACs were isolated from 1 00 ml cultures which had been grovm overnight at 37*C in 
the presence of 12.5 pg/ml of chloramphenicol, using the alkaline lysing technique 
(20). The plasmid DNA was further purified by precipitation with polyethylene glycol 
(20). One tenth of the isolated plasmids (about 0.5 to 1 pg) was used for analysis by 
restriction enzyme cleavage or for reconstitution of the virus progeny by calcium 
phosphate transfection in MEF. 
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Metabolic Marking and Immunoprecipitation 

A selective expression of wt or mutated MCMV immediate-early proteins was 
achieved by infection of MEF in the presence of cycloheximide (50 |jg/ml) which 
3 hours later was replaced by actjnomycin D (5 pg/ml). Cells were then marked with 
[^S]-methionine (1200 Ci/mmol; Amersham, Braunschweig, Germany) for another 
3 hours. The cells were lysed and immunoprecipitations were performed using the 
antipeptide serum b5/1 (28, 16) and the antiserum 3/1 which is directed against the 
C-terminus of the !E1 protein pp89. 

Strategy for Cloning and Mutagenesis of the MCMV Genome . 
The known methods for manipulating CMV genomes and other large viral genomes 
are only applicable and successful to a limited degree because they are based on 
homologous recombination in eukaryotic cells. To make the MCMV genome and 
other large virus genomes more accessible to mutagenesis, infectious bacterial 
artificial chromosomes (BAC) of MCMV were generated in E. coli Since 
herpesviruses circularize their genome after cell entry (6, 26), and the plasmid-like 
circular intermediates occur early in the herpesviral replication cycle (27), the 
strategy depicted in Fig. la was adopted for cloning the MCMV genome. In a first 
step a recombinant virus was produced that contained a bacterial vector integrated 
into Its genome. After selection of recombinant viruses using the selection marker 
guanine phosphoribosyl transferase (gpt) (9) (other selection markers, such as the 
neomycin, hygromycin.or puromycin resistance genes, are also suited therefor), 
circular intermediates accumulate in infected cells. After isolation and 
electroppration of the circular intermediates into E. coli, the CMV BAC is available to 
all genetic techniques established for E. coli. Transfection of the mutated BACs Into 
eukaryotic cells should finally reconstitute viral mutants (Fig. 1). 

Generation of Recombinant Viruses and BACs 

We have shown previously that a large region at the right-terminal end of the MCMV 
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genome is not essential for replication in vitro (18). Therefore, this region was / 
chosen for integration of the BAG vector and the selection marker gpt (Fig. 2). To 
find out whether integration of the BAG vector into the viral genome could be 
achieved in both orientations, two different recombination plasmids pRP2 and pRP3 
were produced (Fig. 2). For generation of BAC-containing viral genomes the 
recombinant virus AMG95.21 was used that has a lacZ insertion in the EcoRI O 
fragment of its genome. This allowed the identification of integration events by 
screening for white plaques after staining with 5-bromo-3-chloro-indoly|-(i- 
galactopyranoside (X-Gal). Recombinant viruses with integrated vector sequences 
were enriched using the gpt marker. Finally, circular viral DNA was isolated from 
infected cells and etectroporated into E.cofi. 

A high percentage of bacterial clones (about 80%) contained the expected complete 
plasmids.. In comparison with DNA isolated from MGMV virions, the BACs pSM3 and 
pSM4 contained additional EcoRI fragments having a length of 22.9 and 24.3 kb, 
respectively (Fig. 3 a), depending on the orientation of the integrated vector (Fig. 2). 
The additional bands resulted from the fusion of the terminal EcoRI fragment, 
indicating the circular nature of the BAGs (Fig. 2); as expected, the 5.7 kb EcoRI O 
fragment was missing in the BAGs (see Figs. 2 and 3a), and the vector sequences 
resulted in a double band at 6.4 kb (designated as v in Fig. 3a). In the BAG pSMS 
the 2.5 kb EcoRI Z fragment was enlarged by 1 .4 kb of the gpt and vector 
sequences, leading to a 3.85 kb fragment (Fig. 3, lane pSM3). Southern blot 
analysis and characterization of the BACs with restriction enzymes Hindlll, Xbal and 
BamHI (data not shown) confirmed the successul cloning of the total genome of 
these MCMV recombinants into E. coH. 

Reconstitution of Virus Progeny from MCMV BAGs 

Transfection of the BAGs pSM3 and pSM4 into mouse embryonic fibroblasts led to 
the development of plaques. New celts were infected with the supernatant from cells 
transfected with pSM3 and pSM4. Total DNA was isolated when cells showed a 
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complete cytopathic effect. EcoRI cleavage of the isolated DNA'^resulted in a similar 
pattern as cleavage of the BACs pSM3 and pSM4 (cf. lanes IVIC96.73 and MC96.74 
in Fig. 3b and lanes pSM3 and pSM4 in Fig. 3a). DNA isolated from infected cells 
comprises circular, concatemeric and linear viral DNA, which is already packaged 
into capsids. Therefore, the amount of the 22.9 kb and 24.3 kb fragments resulting 
from the fusion of the terminal EcoRI fragments vi^as submolar (Fig. 3b, lanes 
MC96.73 and MC96.74). Furthermore, the terminal EcoRI fragments deriving from 
linear genomes reappeared. The terminal EcoRI fragment (12.3 kb) was discovered 
in the genome of the recombinant MC96.73 and also in wild-type MCMV (Fig. 3c, 
lanes MC96.73 and wt). In the recombinant MV96.74 the terminal EcoRI fragment F 
was enlarged by a 1,4 kb vector sequence (see Fig. 2b), resulting in a double band 
at 13,7 kb (Fig. 2c, lane MC96.74). Digestion with the restriction enzymes BamHI 
and Xbal produced all expected bands (data not shown). Thus, it was possible to 
generate CMV recombinants from one large plasmid which had not been 
manipulated prior to transfection. 

Example 2: Construction of an MCMV IE1 mutant by homologous recombination in 
E. coii 

To test the efficacy of targeted mutagenesis in E. coli, a small mutation was 
introduced into the (immediate-early) (IE) region of the MCMV genome. At least two 
alternative spliced transcripts arise from the IE region (Fig. 4a) that encode the 
89 kDa IE1 protein and the 88 kDA IE3 protein (16). Due to the complex structure of 
the IE1/IE3 transcription unit, disruption of the IE1 gene is probably difficult to 
achieve by conventional recombination techniques without affecting the expression 
of the IE3 gene. Therefore it was not known whether the MCMV IE1 protein is 
essential for virus replication. To disrupt the IE1 reading frame (595 codons) a 
reading frame mutation was introduced at a Hindlll site in exon 4 of the IE1 gene. 
The mutation caused the original reading frame to finish after codon 273 and created 
a new stop codon after 9 additional codons (Fig. 4a). The mutation was constructed 
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on a 7.4 kb EcoRl/Phal fragment (Fig. 1a) and subsequently transferred to the BAC 
pSTVI3 by homologous recombination in E. coli employing a two-step replacement 
strategy (24, 25). The mutagenesis procedure resulted in the loss of the Hindlll K 
and L fragments and the generation of a new 15.2 kb fragment (Fig. 4b). The EcoRI 
and BamHI patterns of the BACs were unchanged (data not shown), confirming that 
the BACs remained stable during the mutagenesis procedure. Transfection of the 
mutated BACs pSM4-IE into MEF led to plaque formation. Total DNA Was isolated 
from infected cells and analyzed by Hindlll digestion. As expected, the Hindlll K and 
L fragments were replaced by the 1 5.2 kb fragment in the genome of the IE1 mutant 
virus MM96.01 (Fig. 4c). Obviously, the mutation introduced into the MCMV BAC 
was maintained after reconstitution of the mutant virus. 

Absence of the IE1 protein in infected MM96.01 cells was confirmed by 
immunoprecipitation. An antiserum directed to the carboxy terminus of the IE1 
protein detected the IE1 protein in lysates of MC96.73-infected cells, but did not 
precipitate any protein in lysates of MM96.01 -infected cells (Fig. 5a). An lE1/tE3- 
specific antiserum. B5/1, (16, 28) detected 2 proteins of 89 and 88 kDa in lysates of 
MC96.73-infected cells and one protein of 88 kDa in lysates of MM96.01 -infected 
cells (Fig. 5b). In the MM96.01 lane the 89 kDA IE1 protein was clearly missing and 
only the 88 kDA IE3 protein was detected (Fig. 5b). A longer exposure of the 
autoradiograph revealed a 36 kDA protein in MM96.01 -infected cells (Fig. 5c). The 
apparent molecular weight of this polypeptide is in agreement with the expected 
molecular mass for the truncated IE1 protein and with the migration behavior of 
various rnutated IE1 proteins (28). Thus, we draw the conclusion that the IE1 protein 
pp89 is not necessary for replication of the IE mutant MM96.01 . 

Methods of Mutagenesis 

Following the published protocols of O'Connor et al. (24) and Kempkes et al. (25), 
mutagenesis of the MCMV BACs was performed by homologous recombination in 
the E. coli strain CBTS which carries a recA allele and a temperature-sensitive 
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suppressor (25). The BAG pSM3 and the shuttle plasmid pMieFS were successively 
electroporated into E. co/i CBTS. and clones which contained cointegrates were 
selected at 42°C on agar plates with chloramphenicol (12.5 |jg/ml) and tetracyclin 
(10 (jg/ml). The cointegrates were analyzed for the desired structures by restriction 
enzyme analysis. The separation of the cointegrates was made possible by 
incubation of the bacterial clones at SO^'C on agar plates only with chloramphenicoL 
The plasmids were identified by screening for tetracyclin-sensitive clones and 
analyzed by Hindlll cleavage to determine whether a mutation had been achieved or 
whether there had been a return to the parental sequence. 

Example 3: Reconstitution of the complete MCMV genome in E, coli (example of 
insertion) and excision of the vector sequences after transfection of the BAG 
plasmids in permissive cells 

Due to its construction the MGMV BAG plasmid pSMS (see Example 1) lacks 8 kb of 
the MGMV genome. To be able to generate MGMV mutants based on the complete 
MGMV genome, a BAG plasmid was constructed that contained the complete MGMV 
genome. To this end the missing 8 kb were inserted into pSM3 by homologous 
recombination in E. coli The resulting plasmid was named pSM3FR (cf. Fig. 6). 

For the construction of the shuttle plasmid, a 10.9 kb Hindi ll/Avrll fragment from the 
Hindlll E' fragment of the MGMV strain K181 (17) was cloned into the plasmid 
pAGYG184 (21) by using an oligonucleotide adapter with the cleavage sites Xbal- 
Notl-BamHI-Spel-Hindlll-BamHL Subsequently, a 2.0 kb Notl/Xbal fragment 
(homology B in Fig. 6) from the plasmid KSO-gpt (cf. Example 1) was inserted next 
to the 10.9 kb Hindlll/Avrll fragment (using the cleavage sites NotI and Spel in the 
region of the oligonucleotide; cf. Fig. 6, center, "shuttle-plasmid"). The complete 
insert was then ligated as 12.9 kb Hindlll fragment into the Hindlll-cut plasmid 
pMB096 (24). Mutagenesis was carried out as described in Example 1 . 



Fig. 7 shows the EcoRl cleavage pattern of the MCMV BAG plasmids pSM3 and 
pSM3FR. In comparison with plasmid pSM3. a 3.8 kb EcoRI band is missing in 
plasmid pSM3FR, as expected, and the 5.7 kb EcoRI O and the 2.5 kb EcoRI Z 
bands are present again as in the MCMV wt genome (of. the schematic 
representation of the expected structure of the BAC plasmids pSM3 and pSMSFR In 
Fig. 6). The EcoRI fragments b, f and g are also present in pSM3FR (because of 
their small size they have a greater motpility in agarose gels and are not contained in 
the gel section shown in Fig. 7). 

Hence, the BAC plasmid pSM3FR contains the whole MCMV genome and the BAC 
vector pKSO-gpt flanked by loxP sites (black areas in Fig. 6). 

During insertion of the missing 8 kb a 527 bp EcoRI/Avrll fragment was also inserted 
at the left side from the vector sequences, which fragment already existed at the 
right side from the vector sequences (hatched in Fig. 6). Thus this region js present 
twice in the BAC plasmid pSM3FR and flanks the BAC vector sequences (marked in 
grey in Fig. 6). 

Identical sequences are required for homologous recombination. The BAC vector 
sequences were flanked with the 527 bp fragment with the aim to cut out the vector 
sequences by homologous recombination after transfection of the BAC plasmid 
pSM3FR in permissive eukaryotic cells. In the E. coli strain CBTS (25) the BAC 
plasmid pSM3FR is stable because in said E. co// strain considerably larger 
homologous regions are needed for effecting a homologous recombination. 

After transfection of the BAC plasmid pSM3FR in permissive embryonic fibroblasts 
(MEF) a spontaneous excision of the vector sequences from the MCMV BAC 
genome by homologous recombination via the 527 bp sequences was observed. 
After a few passages of the reconstituted virus in said cells, the vector sequences 
are not detectable any more (neither by Southern blotting nor by PCR). A 
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comparison of the EcoRI cleavage pattern of the wild-type MCMV genome with thai 
of the MW97.01 genome (which was regenerated from the BAG plasmid pSMSFR) 
does not reveal any differences (Fig. 8). Since the inserted 8 kb derive frorri the 
genome of the MCMV strain K181 and exhibit small sequence differences 
(polymorphism) with respect to the used wild-type MCMV strain Smith, we have 
however not been able to furnish clear proof that the MW97.01 virus genome derives 
from the BAG plasmid pSM3FR. 

Evidently, MCMV genomes which have lost the bacterial vector sequences are much 
better pacl<aged into virus particles than MCMV genomes with vector sequences 
because the latter have an excessively long genome. 

Hence, flanking of the BAG vector with identical sequences can be used for 
removing the vector sequences from the virus genome again. This method seems to 
be especially suited when used in combination with selection pressure against an 
excessively long genome. The method is an alternative to the excision of the vector 
sequences with recombinase Cre (of. Example 4). 

The viais MV97.01 derived from the MCMV BAG plasmid pSMSFR Was compared as 
to its virulence in newborn mice with the MCMV wild-type strain Smith. Fig. 9 shows 
identical survival rates of mice which were infected with MW97.01 and MCMV wt 
Smith, respectively. The virus titer in different organs was also comparatively high 
(data not shown). Hence the virus MW97.01 has the same biological characteristics 
as the wild-type MCMV virus. This demonstrates that the passaging of the MCMV 
genome in E. co// does not lead to spontaneous changes in the MCMV genome and 
the biological characteristics of the regenerated virus. 

Example 4: Cloning of the genome of a gammaherpesvirus (murine 
gammaherpesvirus 68 - MHV 68 -) as infectious bacterial artificial chromosome 
(BAG) in E. coli and recohstitution of MHV 68 viruses. 



This example shows the cloning of a gammaherpesvirus genome in an exemplary 
way. The mouse gammaherpesvirus 68 (MHV 68) is a natural pathogen for mice and 
is similar in its biology and genome organization to the human herpesviruses 
Epstein-Barr virus and HHV8 (29). Infection of mice with MHV 68 is therefore an 
excellently suited model system for analyzing the pathogenesis of 
gammaherpesvirus Infections. The genome of the murine gammaherpesvirus 68 
(MHV 68) contains a variable number of terminal repeats at its ends (TR; Fig. 1 0, 
top). The MHV 68 genome can compensate insertions through a reduced number of 
terminal repeats. Recently, it has been found that insertions at the left end of the 
genome of MHV 68 are possible by crossing over at one side with the linear virus 
genome (30). Therefore, the BAG vector sequences were inserted by unilateral 
crossing over at the left end of the genome. 

For the construction of the recombination plasmid a 1.5 kb large EcoRl fragment 
from the left end of the genome was generated by PGR with MHV 68 DNA as 
template and cloned into the EcoRI site of the plasmid pMHV3 (a pK18 derivative 
whose polylinker was previously modified by insertion of an oligonucleotide (new 
cleavage sites: MIul-Notl-Avrll-SgrAI-PacI-SgrAI-EcoRI-ApaLI-Mlul)). (pk18 is a 
derivative of pUG18 which contains a kanamycin resistance gene instead of the 
ampicillin resistance gene). The BAG vector pKSO-gpt (cf. Example 1) was then 
inserted via a Pad site left from the EcoRI fragment (cf. Fig. 10; third line: 
"recombination plasmid"): Finally, using an Miul/Pstl adapter, a 1.6 kb large 
Nsil/Mlul fragment of the plasmid EGFP (Glontech), containing the HCMV major 
immediate-early promoter, the coding sequence for the green-fluorescent protein 
(gfp) and the polyA signal of SV40, was cloned into an Nsil site between the BAG 
vector sequences and the right loxP site (cf. Fig. 10, "recombination plasmid"). 

5 pg of the recombination plasmid were cleaved with Mlul to release the insert (loxP- 
gpt-BAC-vector-gfp-IoxP homologous region). The insert was introduced by 
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electroporation together with about 2 to 5 of viral MHV 68 DNA (isolated from 
MHV68-infected BHK 21 cells) into BHK-21 cells. Recombination between the 
homologous sequences of the linear MHV 68 genome and of the recombination 
plasmid (grey in Fig. 10, 2nd and 3rd lines) should result in the insertion of the BAG 
vector and in the production of the recombinant viral genome (4th line in Fig. 1 0). 
Ligation of the right genome end (with the terminal repeats) to the left end of the 
genome (which now contains the BAG vector) leads to the production of a circular 
MHV68-BAG genome which can be isolated from infected cells, electroporated into 
E. coli and finally propagated in E. coli as a BAG plasmid. 

After electroporation of the BHK-21 cells with viral DNA and recombination plasmid 
plaques were formed. When a complete cytopathic effect had been achieved, the 
virus was transferred to new BHK21 cells and subjected to a selection with xanthine 
(25 \M) and mycophenolic acid (1 00 pM) (9, 11). This should lead to an enrichment 
of viruses which have the BAG plasmid with the selection marker gpt integrated into 
their genome. Under the fluorescence microscope green-stained cells could be 
detected, which is an indication of the integration and expression of the gfp gene. 
After three selection rounds with xanthine and mycophenolic acid, circular MHV 68 
DNA was isolated from infected BHK21 cells, electroporated into E. coli DH1 OB and 
plated on agar plates with chloramphenicol (12.5 pg/ml) (cf. Example 1). Plasmid 
isolation with subsequent restriction digestion led to the identification of an E. coli 
clone which contained a BAG plasmid with a complete MHV 68 genome. 

Restriction digestion of the MHV 68-BAG plasmid with EcoRI showed - in 
comparison with EcoRI-cleaved MHV 68 wild-type virus DNA - a double band at 7.4 
kb and an additional band at about 20 kb (Fig. 1 1 ; cf. lane MHV-68 BAG piasmid 
with lane MHV 68 wt virus; differences are marked with black arrow tips). The 
additional 7.4 kb band (which leads to the formation of the double band) derives 
from the BAG vector portion and the additional, approximately 20 kb large band 
results from the circular nature of the plasmid (whereas the approximately 20 kb 
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large band is missing in lane MHV 68 wt virus because the MHV 68 virus DNA 
predominantly contains linear genomes; cf. schematic representation of the MHV-68 
BAG plasmid in Fig. 10, bottom). Restriction digestion of the BAG plasmid with other 
restriction enzymes confirmed the expected structure of the MHV 68-BAG plasmid. 

Transfection of the MHV 68-BAG plasmid into BHK21 cells led to the formation of 
plaques. This demonstrates that the MHV 68-BAG plasmid is "infectious" and 
contains all essential genes, and that no undesired mutations appeared during the 
propagation of the plasmid in E. coli. Under the fluorescence microscope, infected 
cells showed a green stain, i.e., as expected, the gfp gene is contained in the 
genome of the reconstituted viruses. DNA of the MHV 68-BAC virus was isolated 
from infected cells, digested with EcoRI and separated on an agarose gel (Fig. 1 1 , 
lane "MHV 68-BAG virus"). The EcoRI .cleavage pattern of the MHV 68-BAG virus 
DNA is, as expected, substantially identical with the EcoRI cleavage pattern of the 
MHV 68 wt virus DNA (Fig. 11); the approximately 20 kb large EcoRI band has 
disappeared because the MHV 68-BAG virus DNA isolated from infected cells also 
predominantly comprises linear genomes. 

Fig. 12 shows a comparison of the growth kinetics of MHV wild-type virus and MHV 
68-BAG virus. BHK21 cells were infected at a moi of 0.01 and the rise of the virus 
titer was determined during the following 4 days. 

The growth kinetics of the two viruses is identical, which is further evidence that the 
MHV 68-BAG genome codes for all viral functions and that propagation of the MHV 
68-BAG genome is possible in E. coH. 

The BAG vector sequences (with the gpt and the gfp gene) can be removed again 
with the recombinase Gre (22) via the loxP sites in the MHV 68-BAG genome (cf. 
Fig. 10). An MHV 68 genome can thereby be generated that, except for a loxP site, 
is identical with the wild-type MHVG 68 genome. The BAG vector sequences were 
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deleted by passaging the MHV 68 BAC-virus into a cell line expressing recombinasfe 
Cre. Cells infected with the resulting viruses had no green staining, which is 
evidence that the BAC vector sequences, including the gfp gene, were deleted. 

Example 5: Cloning of the genome of the HCMV laboratory strain AD169 as , 
Infectious bacterial artificial chromosome (BAC) and reconstitution of 
cytomegaloviruses from transfected HCMV-BAC plasmids. 

For insertion of the BAC vector, the region between the genes US1 and US7 in the 
unique-short (US) region of the HCMV genome was selected because it was known 
that said region contains genes which are not essential for replication of HCMV in 
cell culture (31 ). For the construction of a recombination plasmid, a 4.75 kb Sad 
fragment (nucleotides 1,92648 to 1 97398 of the genome of the HCMV laboratory 
strain AD169; (3)) was cloned into the plasmid pGEM3Zf (Promega). Subsequently, 
a 2.7 kb Nhel/PshAI fragment was deleted within the 4.75 kb Sad fragment and the 
gpt gene (under the control of the thymidine kinase promoter of the herpex simplex 
virus type 1 and followed by the poIyA signal of SV40; (9. 1 1 )) was inserted, as well 
as ah oligonucleotide adapter with a Pad site (Fig. 13).. Finally, the BAC vector 
pKSO (of. Example 1) was inserted into the Pad site (Fig. 13). At its left side the 
recombination plasmid has 712 bp and at its right side 1355 bp of sequences 
homologous to the HCMV genome in the region of the US1 gene and US7 gene, 
respectively (of. Fig. 1 3, center). Prior to electroporation the recombination plasmid 
was linearized with the enzyme Xcml in the region of the plasmid backbone; 

About 30 ^Jg of the linearized recombination plasmid was introduced by 
electroporation into human foreskin fibroblasts (HFF) (Biorad electroporator: 250 V, 
960 pF). Approximately 24 hours after electroporation the HFF cells were infected 
with the HCMV laboratory strain AD169 at a moi of 1 . After adsorption of the virus for 
four hours the cells were washed and new medium was added. Subsequently, the 
cells were further cultivated at 37**C and with 5% CO2 until a complete cytopathic 
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effect was observed. The virus-containing cell culture supernatant was then 
transferred to new HFF cells and enriched with recombinant viruses by selection with 
mycophenolic acid (1 00 \M) and xanthine (25 \M) (9, 11). Upon achievement of a 
complete cytcpathic effect the virus was again transferred to new HFF cells and 
subjected to a further selection round. After the 3rd selection round circular virus 
DNA was isolated from infected cells by the Hirt method (18; cf. Example 1) and 
introduced by eletroporation in E. coli DH10B as described in Example 2. 

The unique-long (UL) region and the unique-short (US) region of the HCMV genome 
can change their orientation relative to one another by inversion at the internal and 
terminal repeats (open rectangles in Fig. 13) (3). After integration of the BAG vector 
at the expected position in the US region (cf. Fig. 13 bottom) two different isomeric 
forms of the HCMV-BAC genome are expected that can be distinguished by 
restriction digestion with Hindill (Fig. 14). 

By plasmid isolation with subsequent Hindill restriction digestion, E. co/; clones were 
identified that contained BAG plasmids with the HGMV genome, and HCMV-BAC 
plasmids with the two different isomeric forms were found (Fig. 15). Prototypes are 
the two BAG plasmids pHB5 and pHBS (Fig. 15). pHB5 comprises Hindill fragments 
of 17.5 and 35 kb, vi^ereas pHBB with Hindill fragments of 22.1 and 30.3 kb shows 
the other orientation. 

Transfection of pHB5 and pHBB with Superfect (Qiagen.Hilden, Germany) into HFF 
cells and MRG5 fibroblasts resulted in the formation of plaques after about 10 to 14 
days. The HGMV-BAG plasmids were transfected together with a plasmid which 
expresses the GMV protein pp71 because it is known that pp71 enhances the 
infectiousness of viral DNA (37). Per culture dish (6 cm diameter), 
0.5 - 3 pg HGMV-BAG plasmid and 1 pg of the pp71 expression plasmid were 
cotransfected. Viral DNA was isolated from cells infected with the pHB5 BAG virus 
and, for comparison, from cells infected with the HGMV laboratory strain AD169 (cf. 
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Example 1), digested with EcoRI and separated on 0.5% agarose gels (Fig. 16). In 
comparison with the HCMV AD169 genome, the pHB5 genome lacks an 1 1 .9 kb 
EcoRI fragment, but possesses new EcoRI fragments of 8.9, 5.8 and 2.0 kb (cf. Fig. 
1 3, center and bottom). 

The additional 2.0 kb EcoRI bands in the pHB5 genome can clearly be seen in Fig. 
16. The additional 5.8 and 8.9 kb EcoRI bands and the absence of the 1 1 .9 kb 
EcoRI band were confirmed by Southern blotting. Thus the pHB5 genome has the 
expected structure (cf. Fig. 16). The pHB8 genome was characterized in a similar 
way and also showed the expected structure. 

After insertion of the BAG vector between the US1 and US7 genes the genome of 
the HCMV laboratory strain AD 169 could be cloned as BAG plasmid in E. coli. Both 
isomeric forms to be expected were found. Infectious viruses cou!d be reconstituted 
from both conformations after transfection in permissive human fibroblasts. 

Example 6: Mutagenesis of the HCMV-BAC plasmid pHB5 and production of HCMV 
mutants. 

To demonstrate that HCMV mutants can be produced with the method, 380 bp were 
deleted in exon 3 of the HCMV UL37 gene (3) and replaced by a 2.6 kb tetracycline 
cassette (32). For the mutagenesis the following recombination plasmid was 
constructed: a 9.7 kb Bglll fragment from the HCMV AD169 genome (genome 
positions 47366-57120; 33, 3) was cloned into a pBluescript derivative (whose 
polylinker had previously been modified by insertion of an oligonucleotide and 
contained a Bglll site). A 380 bp SnaBI fragment was then excised from the 3rd exon 
of the UL37 gene and a 2.6 kb tetracycline cassette was inserted (cf. Fig. 17 
"recombination plasmid"). Finally, the 8.9 kb Bglll/Dral fragment was transferred into 
the BamHI/Smal-cut shuttle plasmid pST76K_SacB (Fig. 18). The shuttle plasmid 
pST76K_SacB is a derivative of the plasmid pSt76K (34). In addition to the 
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kanamycin resistance gene and the temperature-sensitive replication mechanism, 
pST76K.SacB (Fig. 18) contains the negative selection marker SacB which allows a 
selection for the plasmid on agar plates with 5% saccharose. 

Mutagenesis was similar to the method described in Example 2 (cf. Fig. 19). The 
HCMV-BAC plasmid pHB5 and the recombination shuttle plasmid were successively 
introduced by electroporation into E. co// CBTS (25). For the formation of 
cointegrates the clones were kept at 30°C on agar plates with chloramphenicol (12.5 
pg/ml) and kanamycin (50 pg/ml) because the CBTS strain expressed the recA 
protein essential for recombination only at 30^C. Clones in which cointegrates had 
formed were selected at 42'*C on agar plates with chloramphenicol (12.5 pg/ml) and 
kanamycin (50 |jg/ml). The cointegrates were resolved by incubation of the bacterial 
clones at SO^C on agar plates which only contained chloramphenicol (at SOX recA 
is expressed, see above). For identification of clones in v^ich the cointegrate had 
been resolved, bacterial clones were streaked on agar plates with chloramphenicol 
(12.5 pg/ml) and 5% saccharose and incubated at 30°C for 1.5-2 days. Bacteria 
which still contain the cointegrate and thus express the SacB protein cannot grow on 
such plates (negative selection), whereas this is possible for clones in which the 
cointegrate has been resolved. The resolution of the cointegrate was checked by 
testing for kanamycin sensitivity. The negative selection with the help of the SacB 
gene on saccharose-containing agar plates represents, as compared to the method 
described in Example 2, a considerable progress because clones in which the 
cointegrate has been resolved can be identified immediately. 

Clones which contain the mutant BAC plasmid were finally identified because of their 
tetracycline resistance (incubation on plates with chloramphenicol (12.5 )jg/ml) plus 
tetracycline (10 pg/ml)). 

The BAC plasmid was isolated from one of the tetracycline-resistant clones, digested 
with EcoRI, and the cleavage pattern was compared with the EcoRI digestion of the 




start plasmid pHB5 (Fig. 20). The EcoRI cleavage pattern of the two BAG plasmids is 
identical, except for the expected changes, i.e. no changes took place outside the 
mutated region. As expected, a 6.38 kb band has disappeared in SAC plasmid 
pHB98/1. in return, there are two new EcoRI bands of 4.88 and 3.70 kb (see Fig. 20) 
because the Inserted tetracycline cassette contains an additional EcoRI cleavage 
site (cf. Fig. 17 bottom). 

The example shows that the HCMV-BAC plasmid can be mutated in a targeted 
manner and that the method is suited for producing mutant HCMV genomes. 

The mutated HCMV-BAC plasmid pHB98/1 was transfected together with a pp71 
expression plasmid into MRC5 cells and led to the formation of plaques. The BAC 
plasmid pHB98/1 is thus infectious and, after transfection in permissive cells, leads 
to the formation of mutant viruses. Consequently, the UL37 gene is not essential for 
the replication of HCMV. 

After mutagenesis the tetracycline cassette can again be deleted by expression of 
the FRT-specific FLP recombinase in the BAC-containing E. co//' clone because the 
tetracycline cassette was only used for identifying the mutant clones more rapidly 
and easily. The use of the tetracycline cassette is not essential (cf. Example 2), but 
helpful under the said aspect. For deletion of the tetracycline cassette the plasmid 
pCP20 (32) was transformed in E. coli bacteria containing the BAC plasmid 
pHB98/1. pCP20 exhibits a temperature-sensitive replication mechanism and 
expresses the FLP recombinase (32). The excision of the tetracycline cassette was 
carried out during incubation of the E. coli bacteria at 30*'C. Subsequently, the 
bacteria were streaked on agar plates with chloramphenicol (12.5 MS/ml) and 
incubated at 43°C to lose the pCP20 plasmid again (32). Screening of the bacterial 
clones for tetracycline sensitivity revealed that the tetracycline cassette had been 
excised from the BAC plasmid in a majority of the clones. Isolation of the BAC 
plasmids and digestion with EcoRI revealed an additional 6.0 kb EcoRI band and the 
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loss of the 3.7 and 4.88 kb EcoRI bands, thereby confirming the successful excision 
of the tetracycline cassette (see Fig. 17 bottom and Fig: 20, lane pHB/FLB). 

Example 7: Direct transposon mutagenesis of the infectious MCMV-BAC plasmid 

Transposons are "jumping" genetic elements which are predominantly found in 
bacteria. As a rule, they contain the enzymes needed for transposition and one or 
several resistance genes. Modified transposons can be used for a randomized 
mutagenesis of bacterial genomes and plasmids. They insert at random sites into the 
DNA, thereby disrupting the open reading frame of the gene at the insertion site. 
This mutagenesis method was here used for the first time for the direct mutagenesis 
ofBACs. 

Based on the transposon TnMaxB, a derivative of Tn1721 (35), the plasmid pST76A- 
TnMaxS was constructed. To this end pTnMax8 (which contains a kanamycin 
resistance gene) and the vector pST76-A (34) were linearized with the restriction 
enzyme PstI and fused by ligation to yield pST76A-TnMax8 (Fig. 21a). This plasmid 
has a temperature-sensitive replication mechanism enabling the same to replicate in 
E. coli at 30'C, but not at 42*C. For the direct transposon mutagenesis of the MCMV 
genome, DH5a bacteria were transformed with the MCMV-BAC and pST76A- 
TnMaxS and cultivated at 30°C (Fig. 21 b): A transposition of the transposon takes 
place after induction of the transposition enzymes, but also spontaneously. When 
these bacteria are streaked, on an LB agar plate and incubated at 42°C in the 
presence of chloramphenicol and kanamycin, only those bacteria in which a 
transposition has taken place and the kanamycin resistance has thereby been 
transferred will grow to colonies (Fig. 21b). Because of the temperature-sensitive 
replication mechanism, the plasmid pST76A-TnMax8 cannot replicate at 42*'C and is 
therefore lost. The MCMV-BAC plasmid replicates independently of the temperature, 
and selection for its absence is carried out with chloramphenicol. Since the Tn1721 
derivatives appear preferably as negatively twisted plasmids, a transposition 



predominantly leads to insertion into the BAC and only seldom into the bacterial 
genome. 

The characterization of an MCMV transposon mutant shall here by demonstrated in 
an exemplary manner with the clone MCMV-Kn5. To limit the insertion site of the 
transposon in the BAC, changes in the restriction pattern can be analyzed after 
restriction digestion (here with Hindi!) and gel electrophoresis. In the present case 
the disappearance of the 9.5 kb Hindlll I band is observed as compared to the 
MCMV wild type (wt). It is subdivided by the transposon into two subfragments of 
about 6.4 and 3.1 kb (Fig. 22, Fig. 23a). In addition, a transposon-specific band of 
1.8 kb can be seen in the Hindlll digestion (Fig. 23a). By direct sequencing of the 
clone MCMV-Kn5 with primers which bind to the ends of the transposon, the 
insertion site could be localized approximately at the nucleotide position 198900 
(Fig. 23b shows an alignment of the obtained sequence with the MCMV genome). 
This corresponds to an insertion into the gene m141 (Fig. 22). 

Infectious virus was reconstituted by transfection of MCMV-Kn5 DNA into NIH-3T3 
fibroblasts. In this virus the ml 41 gene is inactivated by insertion of the transposon. 
This could be demonstrated by restriction digestion of isolated virus DNA, with the 
same change as in Fig. 23a being observed. Thus it could be demonstrated at the 
same time that the gene m141 is not essential for the virus. 

The above-described method has already been successfully applied to the 
mutagenesis of the cloned HCMV genome (data not shown). In addition to the 
transposon vector pST76A-TnMax8, further derivatives were constructed with 
tetracycline and erythromycin resistance genes. By sequential transposon 
mutagenesis mutants with two or three gene knockouts can be produced. Other 
transposons can also be used in a similar way for the direct mutagenesis of cloned 
virus genomes. 
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In addition, further functions can be inserted by changing the transposon used: for 
instance, the temporal expression of the knocked-out genes can be tracked by 
insertion of an Indicator gene (e.g. IRES-EGFP). Virulence genes can also be 
Identified in vivo by Inserting sequence tags into the transposon (36). 

Example 8: Clonjng of the genome of the HCMV strain Toledo as bacterial artificial 
chromosome (BAG) 

In comparison with the laboratory strain AD169 the HCMV strain Toledo has at least 
19 additional genes (4). The strain Toledo is very similar to HCMV isolates from 
patients and is the prototype of a HCMV wild-type strain (4). It was therefore 
important to show that genome sequences from an HCMV isolate from a patient are 
also suited for producing the recombinant vector according to the invention. 

For the production of the Toledo-BAC plasmid, use was made of the recombination 
plasmid described in Example 5. As described in Example 5, about 30 pg of the 
Xcml-linearized recombination plasmid was introduced by electroporation into 
human foreskin fibroblasts. About 24 hours after electroporation the HFF cells were 
infected with the HCMV strain Toledo at a moi of 1 . The enrichment method with 
mycophenolic acid and xanthine was carried out as described in Example 5. Finally, 
circular virus DNA was isolated from the infected HFF cells and introduced by 
electroporation into E. coli DH10B. Then plasmid DNA was isolated from several 
bacterial clones, digested with EcoRI, and the cleavage pattern was compared with 
the EcoRI cleavage pattern of the Toledo virus DNA (Fig. 24). The cleavage pattern 
of the BAC clones is largely identical with that of theToledo virus DNA, i.e. the BAC 
plasmids contain the complete Toledo genome except for the integration site of the 
BAC vector in the US2-US6 region. The EcoRI pattern of the various BAC plasmids 
shows small differences in individual fragments in the region between about 9.5 and 
13 kb. This polymorphism is explained, on the one hand, by the different isomeric 
forms of the HCMV Toledo genome (cf. Example 5 and Fig. 14); on the other hand. 
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the number of a-repeats can also vary (3), whereby the length of individual EcoRI 
fragments changes. Fig. 25 shows the Hindlll and Xbal cleavage patterns of some 
Toledo-BAC plasmids. These patterns are also identical except for the size of a few 
fragments. 

The example shows that the method for producing the recombinant vector according 
to the Invention Is suited for cloning genome sequences of various HCMV strains, 
including HCMV isolates from patients. 
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